Experimental study of a phase-sensitive heterodyne detector by Fan, Heng et al.
ar
X
iv
:1
41
0.
86
02
v2
  [
qu
an
t-p
h]
  9
 M
ar 
20
15
Experimental study of a phase-sensitive heterodyne detector
Heng Fan, Dechao He, and Sheng Feng∗
MOE Key Laboratory of Fundamental Quantities Measurement, School of Physics,
Huazhong University of Science and Technology, Wuhan 430074, China
(Dated: June 11, 2018)
It is believed that the quantum behaviors of homodyne detectors and traditional heterodyne de-
tectors can be fully understood in the context of the quantum theory of optical detection. According
to the theory, a 3 dB extra quantum noise has been predicted in a traditional heterodyne detector, as
a phase-insensitive device, due to the existence of the image sideband vacuum. However, regarding
the noise performance of a phase-sensitive heterodyne detector, a fundamental dilemma inevitably
arises: On one hand, the detector should suffer the 3 dB noise penalty caused by the image sideband
vacuum, on the other hand, it, as a phase-sensitive device, should be noise free at the quantum level.
We report on an experiment on the quantum noise performance of a phase-sensitive heterodyne de-
tector with a bichromatic local oscillator. The results show that the studied detector is noise free,
i.e., the quantum noise of the image sideband vacuum is absent in the observation. Revealing the
mechanism for the absence of the image vacuum noise will be important for a full understanding of
the origin of the quantum noise in optical detection.
PACS numbers: 42.50.Lc, 42.50.Xa, 42.50.Dv
I. INTRODUCTION
The quantum theory of optical detection [1–13], de-
veloped in consistency with the uncertainty principle, is
commonly considered as a correct and complete descrip-
tion of the detection characteristics of non-classical light.
However, our confidence about the perfection of the de-
tection theory may be shaken by the new achievements
in the study of the uncertainty principle: Heisenberg’s
measurement uncertainty relation may not hold in full
generality [14–22]. If this turns out to be true, doubt may
be cast onto a famous prediction, made by the detection
theory in accordance with the measurement uncertainty
relation, that a 3 dB extra quantum noise takes place in
joint measurement of conjugate quadratures of light field
with heterodyne detectors [4, 7, 11, 23, 24]. Bearing the
above understanding in mind, we study a phase-sensitive
heterodyne detector, with which the quantum theory of
optical detection is put under new experimental test con-
cerning the origin of the quantum noise of optical detec-
tors.
As is well known, the quantum theory of detec-
tion deals with optical heterodyning essentially relying
on the concept of image sideband vacuum mode [1–
5, 7, 8, 11, 13]. A traditional heterodyne detector is a
phase-insensitive device and suffers a 3 dB noise penalty
caused by the extra quantum noise introduced by the im-
age sideband vacuum mode (Table I) [1, 4, 5, 7, 11]. If
the image sideband vacuum mode is also excited into a
coherent state to the same level as the signal mode, the
heterodyne detector becomes phase sensitive and is free
of the noise penalty [8, 25].
Notwithstanding, it is nontrivial to describe the quan-
tum behavior of a phase-sensitive heterodyne detector
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TABLE I. Optical detectors and their quantum noise perfor-
mances. BLO stands for bichromatic local oscillator. The
“
√
” marks mean that “the detector is phase sensitive” or
“image band vacuum is involved in the detection”, and “×”
means the opposite of “
√
”. The question mark “?” repre-
sents the theoretical dilemma faced by the existing quantum
theory of optical detection, regarding the quantum noise of a
BLO heterodyne detector.
traditional BLO
homodyne heterodyne heterodyne
detector detector detector
phase
sensitivity
√ × √
image
sideband × √ √
vacuum
quantum
noise noise free 3 dB penalty ?
performance
with a bichromatic local oscillator in the context of the
current detection theory: (Table I): On one hand, a 3 dB
noise penalty is expected for the detector due to the pres-
ence of the image sideband vacuum modes [26]. On the
other hand, however, the detector should be noise free at
the quantum level because of its phase-sensitive nature
[25]. As an indication that a fundamental self inconsis-
tency may reside in the quantum theory of detection, the
above dilemma reflects our lack of full understanding of
the origin of the quantum noise in optical detection, es-
pecially the physics relevant to image sideband vacuum
mode. To pursue a self-consistent theoretical develop-
ment for the studied heterodyne detector, more infor-
mation is desired from experimental investigation on the
quantum noise performance of the detector.
2In what follows, we summarize in Sec. II some rele-
vant past works, focusing on how the concept of image
sideband vacuum mode was introduced in the detection
theory to explain the quantum noise in optical heterodyn-
ing. In Sec. III, we extend the theoretical analysis to the
case of heterodyne detection with a bichromatic local os-
cillator. With the orthodox understanding of image side-
band vacuum noise, we show that a 3 dB noise penalty
should occur in the heterodyne detection, in agreement
with a previous work [26] studying heterodyne detection
in a similar configuration. Then we show that the hetero-
dyne detector in the studied configuration is indeed phase
sensitive and, hence, should be free of noise penalty on
the contrary, according to the quantum theory of linear
amplifier [25]. With this theoretical dilemma, we report
in Sec. IV on an experiment on the noise performance of
the phase-sensitive heterodyne detector. The experimen-
tal results show that the 3 dB noise penalty was absent
in the detector. In Sec. V, we discuss the importance of
the experimental observation. A trivial conclusion from
the experimental results is that the image sideband vac-
uum modes contributed no extra quantum noise in the
heterodyne detection. To be revealed is the mechanism
for the absence of the image sideband vacuum noise in
the experimental observation, which should be tightly re-
lated to the physics of the origin of the quantum noise in
optical detection.
II. CONVENTIONAL HETERODYNE
DETECTION
According to the quantum theory of optical detection,
a conventional heterodyne detector, classified as a phase-
insensitive device in the theory of linear amplifier [25],
possesses a 3 dB extra quantum noise in comparison with
a homodyne detector, caused by the image sideband vac-
uum mode involved in the detection [1–5, 7, 11]. Al-
though there are different models for theoretically treat-
ing the problem of heterodyne detection, most models
adopt the imageband-mode concept [1, 2, 4, 5, 7, 8, 11, 13]
and agree with one another on the 3 dB heterodyne noise
penalty.
Let consider balanced heterodyne detection, in a tra-
ditional configuration (Fig. 1), of an optical signal
at frequency ωs, Eˆ
(+)
s (t) = aˆse
−iωst+iφs , where aˆs is
the photon annihilation operator with aˆ†saˆs in units of
photons per second. The signal enters the input port
of a 50-50 beamsplitter together with a vacuum mode
Eˆ
(+)
i (t) = aˆie
−iωit+iφi [1, 2, 4, 5, 7, 8, 11, 12]. The light
entering the signal port of the beamsplitter is combined
with a much more powerful coherent light at frequency
ω0 =
1
2 (ωs + ωi), E
(+)
l (t) = Ele
−iω0t+iφ0 . Here the am-
plitude El is a real number. Both outputs of the beam-
splitter are directed onto photodiodes, whose output pho-
tocurrent is differenced and then filtered to pick out the
beatnote signal at frequency Ω ≡ ωs − ω0 (ωs > ω0 is
assumed for simplicity). Then the result is detection of
)(ˆ )( tE
s
+
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l
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FIG. 1. (color online) Theoretical model for conventional het-
erodyne detection of an optical signal with a monochromatic
local oscillator. The signal light Eˆ
(+)
s (t) interferes with the
optical local oscillator E
(+)
l
(t) at a balanced (50/50) beam-
splitter. The mixed light at each output port of the beam-
splitter is collected by a photodetector (PD1 or PD2) and the
differenced photocurrent Jˆ−(t) ≡ Jˆ1(t) − Jˆ2(t) is sent to a
spectrum analyzer for record.
the quantity Xˆ = aˆse
−iφ + aˆ†ie
iφ [4, 7, 11, 23],
Jˆ− = eEle
−iΩt+iδφXˆ + h.c.. (1)
Here φ = φ0 − (φs + φi)/2, δφ = (φs − φi)/2, and e is
the charge on the electron. The quantum efficiency is
assumed perfect for the moment.
To quantitatively describe the noise penalty in optical
detection, one usually makes use of the quantity of noise
figure (NF), which is defined as the ratio of the signal-
to-noise ratio (SNR) at the input of a detector to that
at its output. According to this definition, NF = 3 dB
means a 3 dB noise penalty.
If the detector senses an optical signal in a coherent
state, a special kind of quantum state, the SNR at its
input is
SNRin =
N¯2γ
(∆Nγ)2
= N¯γ , (2)
where N¯γ stands for the average photon number received
by the detector and (∆Nγ)
2 = N¯γ is the corresponding
photon-number fluctuation for coherent light. The SNR
at the detector’s output is
SNRout =
Pi
Pn
, (3)
in which Pi is the average power of the output photoelec-
tric signal and Pn the quantum-noise power of the output
signal. One can easily calculate the classical quantity Pi
as [23, 27]
Pi =<
[
eElRe(e
−iΩt+iδφ < Xˆ >)
]2
>s= (eαsEl)
2/2,(4)
wherein < · >s means statistical average, αs =< aˆs >,
and the load (spectrum analyzer) resistance was, and
hereafter, set as one without loss of generality. The
quantum-noise power Pn in a measurement time of one
second is
Pn = < (∆Jˆ−)
2 >s /2
= <
(
< Jˆ2− > − < Jˆ− >2
)
>s /2
= (eEl)
2, (5)
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FIG. 2. (color online) Illustration of two ways to construct a
phase-sensitive heterodyne detector out of traditional phase-
insensitive heterodyne ones. The center-frequency mode in
each case is labeled by red color. (a) A phase-sensitive hetero-
dyne detector with a monochromatic local oscillator. All the
frequency modes involved in the detection are excited into co-
herent states. (b) A phase-sensitive heterodyne detector with
a bichromatic local oscillator. Two image sideband modes are
in vacuum states in this case.
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FIG. 3. (color online) Theoretical model for heterodyne de-
tection with a bichromatic local oscillator.
for input light in a coherent state. Here the factor of
1/2 comes from averaging the power of AC signals over
time. If the input light is in a two-mode squeezed state, a
quantum correlation may occur between the signal mode
and the image sideband mode. In this case, the quantum-
noise power Pn becomes [26]
Pn = (eEl)
2 <
[
e2s cos2 φ+ e−2s sin2 φ
]
>s, (6)
which agrees with Eq. (5) when the degree of squeezing
reduces down to zero, i.e., the squeezing parameter s =
0. Therefore, the SNR at the output of a conventional
heterodyne detector sensing coherent light is, according
to Eq. (3),
SNRout =
Pi
Pn
=
(eαsEl)
2/2
(eEl)2
= α2s/2. (7)
Since α2s is the photon number per second, α
2
s = N¯γ for
a measurement time of one second. Therefore, the noise
figure of the detector is NF = 10 log10(SNRin/SNRout)
= 3 dB, according to Eqs. (2) and (7).
The 3 dB degradation of the SNR at the output of
a traditional heterodyne detector has been theoretically
attributed to the existence of the image sideband vac-
uum mode Eˆ
(+)
i (t) [1, 2, 4, 5, 8, 11], which doubles the
quantum-noise power Pn while contributing nothing to
the photoelectric signal. However, if the image sideband
mode Eˆ
(+)
i (t) is excited into a coherent state to the same
power level as the signal mode Eˆ
(+)
s (t) and independently
carries another signal, then Pi will be doubled as well at
the output of the detector and, hence, NF = 0 dB [8, 25].
III. PHASE-SENSITIVE HETERODYNE
DETECTION WITH A BICHROMATIC LOCAL
OSCILLATOR
A phase-sensitive heterodyne detector can be con-
structed out of conventional heterodyne detectors, which
are phase-insensitive devices, in two different ways (Fig.
2): (1) To excite the image sideband mode into a state
similar to the signal mode or (2) to utilize a bichromatic
local oscillator instead of a monochromatic local oscil-
lator. As already pointed out above, a phase-sensitive
detector in the former case is free of 3 dB noise penalty
[25] with no doubt at all, whereas the latter case deserves
further investigation.
We consider an optical signal, Eˆ
(+)
s (t) = aˆse
−iωst+iφs ,
to be detected by a heterodyne detector with a
bichromatic local oscillator E
(+)
l (t) = (Ele
−iω1t+iφ1 +
Ele
−iω2t+iφ2)/
√
2, where ω1 − ωs = ωs − ω2 = Ω (Fig.
3). In this case, two image sideband vacuum modes,
Eˆ
(+)
i1 (t) = aˆi1e
−iωi1t+iφi1 and Eˆ
(+)
i2 (t) = aˆi2e
−iωi2t+iφi2 ,
are involved in the detection [26]. Obviously, ωi1 − ω1 =
ω2 − ωi2 = Ω.
Now we show that the NF of a heterodyne detector in
this configuration is 3 dB if the image sideband modes in-
troduce extra quantum noise in the detection. The phys-
ical quantity detected by the heterodyne detector is Xˆ ′ =
aˆ†se
−iφs+iφ1 + aˆse
iφs−iφ2 + aˆi1e
iφi1−iφ1 + aˆ†i2e
−iφi2+iφ2 ,
Jˆ− = eE
(+)
l (t)
[
Eˆ(+)s (t) + Eˆ
(+)
i1 (t) + Eˆ
(+)
i2 (t)
]†
+ e
[
E
(+)
l (t)
]∗ [
Eˆ(+)s (t) + Eˆ
(+)
i1 (t) + Eˆ
(+)
i2 (t)
]
= (eEl/
√
2)e−iΩtXˆ ′ + h.c., (8)
where only the terms at the heterodyne frequency Ω re-
main in the last step. Accordingly, for an optical signal
in a coherent state, the average power of the output pho-
toelectric signal at frequency Ω is
Pi =<
[
eEl√
2
Re(e−iΩt < Xˆ ′ >)
]2
>s=
(eαsEl)
2
2
. (9)
And the quantum-noise power of the photoelectric signal,
4similar to Eq. (5), reads
Pn = < (∆Jˆ−)
2 >s /2
= <
(
< Jˆ2− > − < Jˆ− >2
)
>s /2
= (eEl/2)
2 < [4 + 2 cos(2Ωt+ φ2 − φ1)] >s
= (eEl)
2. (10)
Then, with Eq. (3), it is straight forward to show
SNRout = α
2
s/2, the same as Eq. (7). Together with Eq.
(2), one can easily show that the NF of the heterodyne de-
tector NF = 3 dB, the nature of a phase-insensitive device
[25], resulted from the image sideband vacuum modes in-
volved in the detection. Similar theoretical results have
been obtained previously for such a heterodyne detector
that senses light in two-mode squeezed states [26].
Nonetheless, as we will show in the following, the het-
erodyne detector with a bichromatic local oscillator is a
phase-sensitive device and is supposed to be free of the
3 dB noise penalty, i.e., NF = 0 dB, according to the
quantum theory of linear amplifier [25].
A phase-insensitive device is one, whose average output
signal is invariant under arbitrary phase transformations
[25]. The output photoelectric signal of the heterodyne
detector is, according to Eq. (8),
< Jˆ− > = (eEl/
√
2)Re
[
eiΩt < Xˆ ′ >
]
= (
√
2eElαs cosφ
′) cos(Ωt+ δφ′), (11)
where φ′ = φs− (φ1 +φ2)/2 and δφ′ = (φ2 −φ1)/2. The
amplitude of < Jˆ− > is definitely not invariant under
phase transformation. For instance, under the transfor-
mation φ′ → φ′ + pi/2, the amplitude of < Jˆ− > may
drop down to zero from its maximum, thereby showing
the phase-sensitive property of the studied heterodyne
detector.
Then we come to the theoretical dilemma for the het-
erodyne detector: On one hand, due to the existence of
the image sideband vacuum modes, the detector should
suffer a 3 dB noise penalty. On the other hand, as a
phase-sensitive device, it should be noise free [25]. At
this point, pure theoretical investigation may just lead
to fruitless debate and one needs to resort to experimen-
tal study for a verdict.
IV. EXPERIMENTAL STUDY OF A
HETERODYNE DETECTOR WITH A
BICHROMATIC LOCAL OSCILLATOR
In this section, we present an experiment on the quan-
tum noise in phase-sensitive heterodyne detection of co-
herent light with a bichromatic local oscillator. The
results of this experiment are important for finding a
solution to the potential problem of theoretical self-
inconsistency and for one to gain a full understanding
of the origin of the quantum noise in optical detection.
sω
1ω2ω
FIG. 4. (color online) Experimental setup for the study of
the quantum noise of a phase-sensitive optical heterodyne de-
tector with a bichromatic local oscillator. PM: Single-mode
polarization-maintaining fiber, used as spatial-mode cleaner.
M: Mirror. LO: Local oscillator. S: Signal light. 50/50: 50-50
balanced beamsplitter. PD1 & PD2: Photodiodes. SA: Spec-
trum analyzer. PZT: Piezoelectric transducer. HV: High-
voltage PZT driver.
The experiment utilized as the light source a laser
(Mephisto, Innolight GmbH) emitting a continuous-wave
single-frequency coherent light beam (spectral linewidth
< 1 kHz for 0.1 s measurement time, λ = 1064 nm).
The laser beam was split into two, each of which was
sent through an AOM (Crystal Technology, LLC) for
frequency shifting. One of the frequency-shifted beams
served as the signal light to be detected, while the other
one was used as the bichromatic local oscillator for the
detector (Fig. 4). Two photodiodes (ETX 500, JDS
Uniphase) collected light from the output ports of the
50-50 beamsplitter where optical heterodyning took place
and the differenced photocurrent was fed into a spectrum
analyzer (Agilent, N9320B) for data record.
As is shown by Eq. (11), the heterodyne detector is
a phase-sensitive device. To experimentally demonstrate
it, one may monitor the output photoelectric signal while
scanning the relative phase between the signal beam and
the local oscillator. The data presented in Fig. 5 indeed
verify the phase-sensitive property of the heterodyne de-
tector.
In what follows, we demonstrate the capability of the
setup to detect the quantum-noise floors of light at ap-
propriate power levels. To this end, we compared the
power levels of the detected noises of light with theoret-
ical expectations. The observed noise-power density was
-138.7+0.4−0.5 dBm/Hz for a 1.0 mW optical oscillator, in
which case the theoretical expectation for the quantum-
noise power density was -139 dBm/Hz when a 70% quan-
tum efficiency is taken into account for the detector. Sim-
ilar result was produced for a 2.0 mW optical oscillator.
Moreover, we observed that doubling the power of the
optical oscillator resulted in a 2.9+0.5−0.6 dB increase, which
would be otherwise 6 dB if classical noises of light dom-
inated, in the noise-power spectrum of light. Thereby,
we demonstrated that the setup was able to sense the
quantum noise of light.
Now we are ready to present the NF-measurement re-
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FIG. 5. (color online) The power of the photoelectric signal
at the heterodyne frequency Ω = 1.3 MHz, when the relative
phase between the signal light and the local oscillator was
being scanned. The optical power Ps of the signal light was
0.5±0.1 nW, 1.0±0.1 nW, and 2.0±0.1 nW respectively for
the three curves. The power of the bichromatic local oscillator
was 2.0 mW for all the three cases. The deviation of the
curves from standard cosine functions was primarily due to
the residual phase fluctuations between the signal light and
the local oscillator.
sults for the heterodyne detector. The SNR at the input
of the detector was obtained by measuring the optical
power of the input signal light, according to Eq. (2).
The output SNR was directly measured with the spec-
trum analyzer (Agilent, N9320B) by comparing the pho-
toelectric signal power to the quantum-noise power. A
typical set of data curves is depicted in Fig. 6 and the
final results are shown in Table II.
Obviously, the experimental results show that the
phase-sensitive heterodyne detector was noise free [25],
i.e., the 3 dB noise penalty did not occur in the hetero-
dyne detector.
V. DISCUSSIONS
The concept of image sideband mode plays a crucial
role in the detection theory to describe the quantum na-
ture of optical heterodyne detectors [1–5, 7, 8, 11–13]. A
consensus has been reached on the connection between
the quantum noise in heterodyne detection and the image
sideband vacuum modes: The image sideband vacuum
modes are supposed to introduce extra quantum noise
whenever they are involved in optical detection. Now
an exception has been found in the heterodyne detector
with a bichromatic local oscillator: No extra quantum
noise was observed in spite of the existence of the im-
age sideband vacuum modes. This exception indicates
our lack of full understanding of the origin of the quan-
tum noise in optical heterodyne detection, especially the
physics of the image vacuum noise.
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FIG. 6. (color online) A typical (not maximal) heterodyne
beatnote signal generated by the heterodyne detector with a
bichromatic local oscillator. The optical power of the local os-
cillator was 1.0 mW. Shown together is the shot-noise curve
(red) when the signal light was blocked. The noise floor of
the beatnote signal coincided with the shot-noise curve, ev-
idencing that the beatnote was shot-noise-limited. Another
shot-noise curve (blue) is present for a 2.0 mW local oscil-
lator. The difference of the power levels of these two curves
was 2.9+0.5
−0.6 dB. Dark noises were excluded in both shot-noise
curves. Time of average was 60 s. RBW = 1 kHz.
TABLE II. Experimentally-determined noise figure (NF) of
the heterodyne detector with a 2.0 mW bichromatic local os-
cillator. SNRin was obtained according to Eq. (2) with a
quantum efficiency of 70% taken into account for the detector.
SNRout was the ratio of the average power of the photoelec-
tric signal to the corresponding shot-noise power, according
to Eqs. (3)-(5). Technically, the average power of the photo-
electric signal was obtained by averaging the data presented
in Fig. 5.
Ps (nW) SNRin (dB) SNRout (dB) NF (dB)
0.5±0.1 62.7±0.9 63.5+1.0
−1.2 -0.8
+1.2
−1.7
1.0±0.1 65.7+0.5
−0.4 66.5
+0.5
−0.4 -0.8
+0.7
−0.6
2.0±0.1 68.8+0.3
−0.2 69.8±0.4 -1.0+0.5−0.4
Apparently, a trivial prediction in consistency with
the experiment can be generated if one assumes in the
preceding theoretical calculation that image sideband
vacuum modes do not produce extra quantum noise in
the phase-sensitive heterodyne detection: The quantum-
noise power of the detector at its output, previously de-
scribed by Eq. (10), should be
Pn = < (∆Jˆ−)
2 >s /2
= (eEl/2)
2 < [2 + 2 cos(2Ωt+ φ2 − φ1)] >s
= (eEl)
2/2. (12)
If this is the case, the NF of the phase-sensitive detector
would be 0 dB, instead of 3 dB, in good agreement with
the experimental observations.
6What is more interesting will come into sight when one
considers the NF of the heterodyne detector, provided
that the relative phase φ = φs− (φ1+φ2)/2 between the
signal light and the bichromatic oscillator is locked for
maximal output signal. In this case, the average power
of the output photocurrent is, instead of Eq. (9),
Pi =<
[
eEl√
2
Re(e−iΩt < Xˆ ′ >)|φ=kpi
]2
>s= (eαsEl)
2.(13)
Here k is an integer. In combination with Eq. (12), the
SNR at the output of the detector reads
SNRout =
Pi
Pn
=
(eαsEl)
2
(eEl)2/2
= 2α2s = 2N¯γ . (14)
Then the NF of the detector is NF = -3 dB, which is
an incredible result at the first glance! A detector can
only degrade, if it does not keep, the SNR of a detected
signal. How can the detector increase it? At this point,
one may cast doubt on the validity of Eqs. (12) and (14).
Nevertheless, the predicted -3 dB NF for the heterodyne
detector for φ = kpi is in agreement with the experimental
observation.
As a matter of fact, the data presented in Fig. 5 and
Fig. 6 provide one the SNR information of the detec-
tor when the relative phase φ was being scanned. For a
0.5 nW signal light at the input and a 2.0 mW bichro-
matic local oscillator for the detector, the peak power of
the output photoelectric signal was -39.6 dBm (Fig. 5)
with the noise power of -105.8+0.4−0.5 dBm (Fig. 6). It is
not difficult to calculate the SNR of the output signal
as SNRout = 66.2
+0.4
−0.5 dB. The SNR of the corresponding
input signal was SNRin = 62.7±0.9 dB (Table II). So the
NF of the detector was NF = -3.5+0.9−1.2 dB, indicating an
SNR increase in the output signal for some chosen values
of the relative phase φ and, thereby, verifying the above
paradox about the negative NF for the heterodyne detec-
tor. By the way, similar paradox is also found in Eq. (8)
of the early work of Haus and Townes [23] for homodyne
detectors.
The experiment and its agreement with Eq. (12)
strongly suggest that the image sideband vacuum intro-
duced no extra quantum noise into the phase-sensitive
heterodyne detector. To understand the physics of the
absence of the image sideband vacuum noise in the ob-
servation, one may think of two possibilities: (1) Each
of the image sideband vacuum modes contributed no, or
negligible, quantum noise, which is inconsistent with the
existing theory of heterodyne detection. (2) Both of the
image vacuum modes contributed non-negligible quan-
tum noises, but these extra noises were cancelled through
some mechanism. If the latter is true, there must be a
phase-independent extra term missed in Eq. (10) and
this missing term should be responsible for cancelling the
image-mode quantum noise. With this in mind, we in-
deed can find some phase-independent term in the calcu-
lation of the averaged quantum-noise power of the pho-
toelectric signal,
Pn = <
(
< Jˆ2− > − < Jˆ− >2
)
>s /2
= (eEl/2)
2 <<
[
e−iΩt(bˆ†se
iφ1 + bˆse
−iφ2 + bˆi1e
−iφ1 + bˆ†i2e
+iφ2) + h.c.
]2
>>s
−(eEl/2)2 <<
[
e−iΩt(bˆ†se
iφ1 + bˆse
−iφ2 + bˆi1e
−iφ1 + bˆ†i2e
+iφ2) + h.c.
]
>2>s
= (eEl/2)
2 < 2bˆsbˆ
†
s + bˆi1bˆ
†
i1 + bˆi2bˆ
†
i2 + bˆs(bˆ
†
i1 + bˆ
†
i2) + bˆ
†
s(bˆi1 + bˆi2) >
−(eEl/2)2 < 2b¯sb¯∗s + b¯i1b¯∗i1 + b¯i2b¯∗i2 + b¯s(b¯∗i1 + b¯∗i2) + b¯∗s(b¯i1 + b¯i2) >
= (eEl/2)
2
[
4+ < ∆bˆs(∆bˆ
†
i1 +∆bˆ
†
i2) + ∆bˆ
†
s(∆bˆi1 +∆bˆi2) >
]
≡ (eEl)2
[
1 + C(bˆs, bˆ
†
i1 + bˆ
†
i2)/2
]
, (15)
wherein bˆs ≡ aˆseiφs , bˆi1 ≡ aˆi1eiφi1 and bˆi2 ≡ aˆi2eiφi2 . We
dropped all the phase-dependent terms after statistical
averaging. In the last step, we defined a correlation func-
tion C(bˆs, bˆ
†
i1 + bˆ
†
i2) ≡< ∆bˆs(∆bˆ†i1 +∆bˆ†i2) + ∆bˆ†s(∆bˆi1 +
∆bˆi2) > /2. In the frame of the current theory of hetero-
dyne detection, the way to understand the experimental
results could be as follows: The use of bichromatic local
oscillator in the heterodyne detection introduced an ex-
tra correlation between light at the two outputs of the
beamsplitter, and it was this correlation, which is repre-
sented by the function C(bˆs, bˆ
†
i1 + bˆ
†
i2) in Eq. (15), that
cancelled the extra quantum noise of the image sideband
vacuum modes. An obvious problem with this explana-
tion is origin of this correlation function, which has never
been predicted in theory. Of course, there may be other
ways to interpret the experimental results. For example,
one may develop a theory to explain the experiment by
calculating the power spectral density of the photocur-
rent fluctuations as a Fourier transform of certain two-
time auto-correlation function [10, 28], which is definitely
out of the scope of the current work. In any case, rev-
elation of the mechanism for the absence of the image
7vacuum noise in the observation will lead to a deeper un-
derstanding of the origin of the quantum noise in optical
detection.
VI. CONCLUSIONS
We have studied the quantum noise performance of a
phase-sensitive heterodyne detector with a bichromatic
local oscillator. We have first addressed a theoretical
dilemma inherent to the existing theory of detection
about the quantum noise of the phase-sensitive device.
Then we have reported on an experiment on the het-
erodyne detector and the results show that the studied
device is noise free at the quantum level. A deeper un-
derstanding of the origin of the quantum noise in optical
detection will be gained if revealed is the mechanism for
the absence of the image sideband vacuum noise in the
observation.
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